ABSTRACT Owing to the fact that the active power filter with conventional sliding mode controller has a chattering problem, an improved dynamic sliding mode controller is proposed in this paper to increase the performance of the APF. A dynamic sliding mode controller with integral switching gain is developed. The first-order dynamic sliding surface has the characteristic of transferring the discontinuity in traditional sliding mode control to the first derivative of the controller. Therefore, a continuously dynamic sliding controller can be obtained, so that it can effectively weaken the chattering. In the meantime, the appropriate selection of switching gain can also reduce chattering. The simulation results show that the proposed control strategy possesses good performance to suppress the harmonics. Moreover, the hardware in the loop experiment proves the practicability of the proposed algorithm.
I. INTRODUCTION
Development of power technology has brought variety of benefits to our lives. On the one hand, with the proliferation of nonlinear loads of power electronic device in electric power distribution system such as Uninterruptible Power Supply (UPS), Personal Computer (PC), Compact Fluorescent Lamp (CFL), current harmonic pollution at the grid side is growing. On the other hand, the widespread use of largecapacity inductive devices such as motors and transformers will result in a reduction in the power factor. The existence of harmonic current will reduce power quality and increase line loss, with the constant superposition of harmonic current, the communication quality of sensitive device near to the harmonic source will be impacted, some sensitive equipment may cause malfunction due to harmonic current, even giving rise to security issue [1] . The reduction of power factor will lead to the decrease of electricity efficiency and voltage, and even lead to the collapse of the power grid. These problems will seriously influence the normal operation of the power grid system and cause economic losses.
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With more and more high-precision equipment in industry, the power grid with harmonic and reactive power problems cannot meet the requirements. Therefore, how to improve the quality of power grids and eliminate the harm of harmonic current will inevitably become a hot research topic in society.
Up to now, passive filters widely installed in the industry are used to decrease harmonic current in power system, they consist of a capacitor and an inductor. However, passive filters have many imperfections, such as just injecting fixed frequency harmonic current and a small installed capacity, so they can not achieve a good compensation performance. Ultimately, traditional passive filters will be gradually replaced by active power filter s(APF) [2] - [7] . APFs are a new type of compensation equipments, the principle of active power filters is to improve power quality by injecting compensating harmonic current whose amplitude is equal to the reference current, but the phase is opposite.
APF have many different structures. According to the grid connection method, there are series and parallel structures. Parallel structure adopts a coupling transformer to connect to the grid, there is no harmful effect for the grid system. According to the difference of DC side energy storage components, there are voltage and current structures.
The advantages of the voltage structure include lower losses, higher efficiency, and easy to expansion. There are single and three phases based on classification by phase. Single-phase structure is only suitable for low power applications. This paper will take three phase APF which is a voltage parallel structure as the research object.
The selection of control strategy for active power filter is the key to achieve better compensation effect. Traditional control strategy includes hysteresis control, space vector control and triangle carrier wave control. Harshithananda et al. [8] designed a hysteresis control technique of VSI to reduce harmonics of active power filter. Yang et al. [9] proposed a 3-D space vector PWM for three-phase four-wire active filter. Tang and Liao [10] designed a shunt hybrid active power filter based on PSCAD/ EMTDC. It is shown that traditional control strategy can not maximize compensation performance of active power filter [8] - [10] . Therefore, it is necessary to choose an advanced controller to replace the tradition control for active power filter.
Sliding mode control (SMC) is a variable structure control which is insensitive to parameter changes and uncertain disturbance. Liu et al. [11] design an extended State Observer-Based Sliding-Mode Control for Three-Phase Power Converters. Liu et al. [12] proposed an observer-based higher order sliding mode control of power factor in threephase AC/DC converter for hybrid electric vehicle applications. In the above literatures, a sliding mode controller for power electronic converters has been successfully designed., this provides guidance for applying sliding mode control to active power filters.
The main circuit of the active power filter is composed of six switching inverters and dc side capacitor. When the state of the converter in the main circuit changes, its topology will also change. Thus, SMC can exhibit a better control performance than other control strategy in the active power filter which is a variable structure device. Saetieo et al. [13] design a three-phase active power filter based on sliding mode control. Battista and Mantz [14] proposed a harmonic series compensator with sliding mode in power systems. Zhu et al. [15] designed a sliding mode control with variable structure of series active power filter. Yarahmadi et al. [16] proposed a current harmonics reduction of non-linear load by using active power filter based on improved sliding mode control. Neural network controllers have been combined with sliding mode control to improve the performance of the APF in [17] - [19] . The above literatures have successfully applied sliding mode control to active power filters, experimental results shown that the active power filter can compensate harmonic current. In the future study of active power filters, the combination of multiple intelligent control is a development trend. The literatures [20] - [22] provide some research ideas, and it is expected to further improve the control performance of sliding mode control in APF.
However, inherent chattering phenomenon in sliding mode control always exists. Jeong and Woo [23] used DSP to verify the practicality and reliability of the algorithm, but DSP processing speed is limited, it can not implement too complex control algorithm. Compared with DSP, dSPACE [24] - [26] can seamlessly link to MATLAB and has faster calculation speeds. Thus, this paper uses dSPACE instead of DSP to verify algorithm performance. A dynamic sliding mode controller with integral switching gain is designed. The experimental results show that the proposed algorithm can quickly compensate harmonic current and effectively suppress chattering. The main contributions of this paper compared with existing works can be emphasized as follows:
(1) This paper combines the advantages of dynamic sliding surface and switching gain. Dynamic sliding mode control is to design a new sliding surface that is related to the first derivative of the input, it eliminates chattering by transferring discontinues item to the first derivative of control. Meanwhile, the appropriate selection of switching gain can also effectively suppress the chattering.
(2) In order to better display the superiority of sliding mode control and shorten the development cycle. This paper uses dSPACE platform to design APF prototype. The MATLAB simulation and experiment results shows that the improved sliding control strategy endow excellent dynamic characteristics and achieve very low total harmonic distortion (THD).
This paper is organized as follows. In section II, the dynamics of active power filter is introduced. In section III, a traditional sliding mode controller is introduced. In section IV, dynamic sliding mode control using integral switching gain is proposed to guarantee the stability of the closed loop system. In section V, simulation results comparing with traditional sliding mode control are presented. In section VI, the implementation of control algorithm based on ds1104 experiment platform is done. Finally, conclusions are provided in section VII.
II. MODELING OF THE ACTIVE POWER FILTER
Harmonic current mainly come from the industrial field. At same time, most of the equipment in the industry uses three-phase source. Thus, the three-phase shunt APF is selected as the research object in this paper, its topology diagram is shown in Fig. 1 .
In the Fig. 1 ,
) is the compensation current. In addition, R and L are the resistance and inductance of the active power filter respectively, U dc is the DC side voltage, v NN is the voltage between point N and N . According to Kirchhoff's theorem, the following dynamic equation can be obtained: Assume IGBT is an ideal device, using the switching function to express the working state of the IGBT. Thus, we can define the following expression: 
Substituting (3) into (1) yields:
Equation (4) is established in the abc stationary coordinate system. Although there are no couplings among the three-phase equations, the design of control system is slightly complicated. Thus, use a transformational matrix between the abc stationary coordinate system and αβ stationary coordinate system to simplify the Eq. (4). The transformational matrix can be expressed as follows:
Rewrite (4) as a matrix expression as:
Multiply (4) by the transformational matrix
The simplified equation (8) does not have couplings and looks simpler. The working principle of active power filter can be described as: The current sensor measures load current in real-time, then utilizes the FFT algorithm to calculate the reference current, PWM signals which is used to control IGBT on and off is generated by the control strategy. Finally, the AC side of the active power filter generates the compensation current whose amplitude is equal to the reference current, but the phase is opposite. When the compensation current is injected into the grid, the purpose of suppressing harmonics can be achieved. The above working principle is shown in Fig. 2 . Considering the model uncertainties and external disturbances, the model of the APF can be transformed as:
where
is the model uncertainties and external disturbances bounded by |d| < D 0 , where D 0 is a positive constant. It can be seen from the above working principle: the first thing is to extract harmonic current. If the detected harmonic current is inaccurate or there is a high delay, the compensation current output by the controller will also have errors and high delays. When the compensation current is connected to the grid, the grid current will not be converted to sine wave. Therefore, the extraction of harmonic current has great influence on the performance of APF. This paper adopts a fast harmonic detection method (p − q) based on instantaneous reactive power theory. Assuming the load is three-phase symmetrical, the grid only contains positive sequence current, the principle of harmonic detection is shown in Fig. 3 . The dot product and crossover operation results represent the current component on the p − q coordinate axis, where i p is the active current and i q is the reactive current.
III. TRADITIONAL SLIDING MODE CONTROLLER
The aim of the sliding mode controller is to allow the compensation current to rapidly and accurately track the reference current.
Consider the following nonlinear system:
Define error as:
where r is the reference current, and x is the compensation current. Then the conventional sliding surfaces can be defined as follows:
Where c is a 2-dimensional diagonal matrix and nonsingular matrix. The existence of c needs to ensure that the sliding surfaces S is stable. We ignore uncertain disturbance, and
Solving Equation (13), the equivalent control can be obtained as:
However, real system has unknown model uncertainties and external disturbances. According to the theory of sliding mode control, when the system state point is not on the switching surface, the switching function plays a leading role in the system, which ensures that the system state point reaches the sliding mode surface within a limited time. When the state point reaches the sliding surface, we want the system state point to maintain motion on the switching surface, now, the equivalent control dominates in the system.
When the system state point goes to the switching surface, the system state point cannot be stopped immediately at the switching surface because there is a system inertia. Because of switching control, the system state point will fluctuate near the switching surface, which is the main cause of the control error. If the switching function is too small, it takes too long for the system state point to reach the switching surface; if it is too large, there is a large chattering and error. Reasonable selection of the switching function will help to reduce the error of the system.
In order to meet the sliding mode arrival conditions SṠ ≤ −η|S|, the traditional switching control is selected:
The switching control term in Eq. (15) is used to compensate for unknown uncertainties and disturbances in the system.
Finally, the total controller can be designed as:
Define Lyapunov function:
Stability analysis can be acquired from (10), (16), (17) . The derivative of Eq. (17) becomes:
Because of K > 0,V = S TṠ < 0. Thus, conventional sliding mode controller can guarantee the stability of the APF system.
IV. IMPROVED SLIDING MODE CONTROLLER
In section III, we introduced how to design a conventional sliding mode controller. However, traditional sliding mode controller easily causes chattering, a dynamic sliding mode controller with integral switching gain is proposed. The structure of dynamic sliding mode control using integral switching gain is shown in Fig. 4 . Define instruction reference current r = i * α i * β T , the error can be defined as follows:
The first derivative of the error is:
In order to better eliminate the chattering, we can modify the traditional sliding surface. Based on the traditional sliding surface, consider adding a polynomial that is related to the controller input. Its purpose is to convert the discontinuity of the system state into the first derivative of the controller. Therefore, we can get the following dynamic sliding surface:
where c is a 2-dimensional diagonal matrix and nonsingular matrix. D > 0 is a scalar. When reaching the sliding surface S = 0, Du = −ce. In order to form negative feedback, we require that the diagonal element of matrix c to be less than zero.
The first derivative of S becomes:
DefineṠ = 0 to obtain equivalent control:
According to the traditional sliding mode control theory. In order to make the system reach the switching surface quickly and eliminate the uncertainty error and disturbance, we need to select an appropriate switching function.
Although the traditional switching function can ensure system stability, it is easy to cause chattering and error. Based on equation (15), we add an additional gain term that includes the integral of the switching surface. Get the following switch function:u
where K ρ = ρ 1 0 0 ρ 2 is a diagonal matrix. And we define
) and K f < 0. The proposed switching control has the following advantages: when the system state point is far away from the sliding mode surface, the switching gain is large, and the system state point will quickly approach the sliding mode surface. When the system state point approaches the sliding mode surface, the switching gain approaches 0, and the switching control is disabled. Finally, it can effectively eliminate the chattering.
Ultimately, the dynamic sliding mode controller is proposed as:u
Choose a Lyapunovfunction as:
Then the first derivative of V becomes:
. Because of K w > 0 and (ρ 1 |S 1 | + ρ 2 |S 2 |) > 0, we can deduceV < 0. It can be proved that the stability of control system can be guaranteed.
As can be seen from design of equation (25), the parameter K w is used to eliminate unknown disturbances. At same time, the parameter K w accounts for a large proportion when the controller is adjusted. Therefore, proper selection of K w can effectively reduce tracking error.
V. SIMULATION STUDY
To verify the feasibility of the proposed algorithm, MATLAB/SIMULINK simulation is implemented. The DC side voltage control also needs to be considered during the simulation. When the APF is working normally, there is energy exchange between the DC side capacitor and the grid. This will cause fluctuations in the DC side voltage. The fluctuation of the DC side voltage will affect the APF compensation effect. In order to ensure that APF can provide constant harmonic compensation current to the grid system, we need to make ensure that the DC side voltage is a fixed value. This paper uses a traditional PI controller to regulate the DC side voltage.
The line resistance, switching loss and AC side inductance of the active power filter consume a certain amount of active power. And the consumption of active power must cause the capacitor voltage on the DC side to decrease. Therefore, we can ensure that the DC side voltage is constant by compensating the active power.
Usually, the DC side voltage is subtracted from the reference voltage, the input of the PI controller is the obtained error, the output is the active current component to be compensated, and finally the output of the PI is added to the active current portion of the command reference current. The voltage control loop is shown in Fig. 5 .
Due to the fact that the control speed of the voltage loop is about one tenth of the current tracking control speed, parameters K p and K I are relatively small, Properly increasing the VOLUME 7, 2019 parameter K p can shorten the rise time, but it will increase overshoot.
After we combined current tracking control system as in Fig. 4 and voltage control system as in Fig. 5 , we can obtain the control block diagram of active power filter as in Fig. 6 . According to Fig. 6 , we can build a simulation model. The simulation parameters are shown in Table 1 . During the simulation, active power filter starts to work in the time t = 0.04 s. Its means that the state before 0.04s represents the daily state of the grid, which may contain harmonics changing at any time. At the 0.04s, the prototype began to work, which includes detecting the harmonics in the current state grid and outputting harmonic compensation current. Then, in order to verify the dynamic property of the algorithm, adding an identical non-linear load in the time t = 0.25 s. From Fig. 7 , load current is strictly distorted by non-linear load, from Fig. 8 , we can see that the THD of the supply current is 24.71%. Thus, if we directly connect the load current to the power grid without taking any action, the quality of power grid can not be guaranteed.
As can be shown in Fig. 9 , under the control of two control strategies, it can be clearly seen that the load current waveform is close to a sinusoidal waveform. Even if the non-linear load changes, the load current waveform can quickly approach the sinusoidal waveform. However, it is obvious that the load current waveform using proposed controller is smoother than the load current waveform using traditional controller. Fig. 10 shows the DC-side voltage tracking waveform under two controls. The DC side voltage is controlled by traditional PI, and the control parameters are the same. The stability of the DC side voltage is the premise of harmonic current compensation. In the Fig. 10 , although the DC side voltage control parameters are the same, the proposed harmonic current controller can make the DC side waveform more stable, and its fluctuation range is around 1000V, especially when the load changes. In fact, the small fluctuations in the DC-side voltage have little effect on the compensation performance of the active power filter. Fig. 11 is the FFT analysis using two different controls at different times. Fig. 11(a) and Fig. 11(b) are the total harmonic distortion of the supply current using traditional controller at 0.15 s and 0.4 s respectively, Fig. 11(c) and Fig. 11(d) are the total harmonic distortion of the supply current using proposed controller at 0.15 s and 0.4 s respectively. Table 2 depicts the total harmonic distortion of two different controllers at different times, we can see the proposed controller has a desired control performance compared with traditional controller. At same time, it is obvious that the proposed controller has an excellent dynamic performance. Fig. 12 shows the sliding surface waveform under the two control strategies. Although the rang of sliding surface fluctuation using proposed controller is slightly larger than the rang of sliding surface fluctuation using traditional controller, when the non-linear load changes, the waveform of the sliding surface using proposed controller does not change significantly. The waveform of sliding surface using traditional controller will suddenly enlarge, especially when the non-linear load changes, and such phenomenon will increase the switching loss of IGBT in practical applications.
In summary, a dynamic sliding mode control using integral switching gain illustrates has a better compensation performance and robustness compared with traditional SMC though simulation. Meanwhile, the proposed controller can suppress chattering. 
VI. HARDWARE IN THE LOOP EXPERIMENT
With the development of microprocessors, digital signal processing (DSP) becomes an important way to verify control algorithm. However, due to processor limits, complex intelligent control algorithms are difficult to achieve ideal results VOLUME 7, 2019 FIGURE 12. Sliding surface waveform (a) using traditional controller (b) using proposed controller.
on DSP, which makes researchers spend a lot of time on hardware, it is not conducive to the development of control algorithms.
The dSPACE Real-Time system is a new control system development and test platform based on Matlab/Simulink. dSPACE processing speed is faster than DSP, so dSPACE can implement more complex algorithms. Meanwhile, dSPACE can seamlessly connect to simulink, which greatly reduces the development time of control algorithms. In order to verify the actual application effect of the proposed control algorithm, this paper uses DS1104 to design an experimental prototype. Due to site constrains, the experimental prototype adopts low-voltage (24V/50HZ) and single-phase active power filter structures for safety. The design of the experimental prototype based on dSPACE is divided into three steps:
(1) Offline simulation by creating a simulink model. The simulation model established in Section V is the offline simulation model, but the experimental prototype is a single-phase model, we need to modify the original model slightly.
(2) The Real time integration (RTI) library is an important link between dSPACE system and simulink toolbox. Select the corresponding I/O module from the RTI library, and combine the control algorithm module with the offline model. Fig. 13 is the established RTI model.
(3) When the program is downloaded to the DS1104, the Controldesk software is used to design a monitoring interface, which can display the state of the acquired data, regulate the parameters of the control algorithm in real time and plot the system response curve.
In the Fig. 13 , DS1104MUX_ADC1 module corresponds to the analog input of the DS1104 control platform, DS1104SL_DSP_PWM3 corresponds to the three-phase PWM output of the DS1104 control platform. However, experimental prototype is single-phase structure, we just need to use one phase PWM output, and the unused PWM output needs to be set to zero. When the RTI model is built, clicking RTI build in simulink to compile, generate and download C code. Table 3 shows the hardware parameters of the experimental prototype. Table 3 is the relevant parameters for designing the active power filter prototype. Fig. 15 is an experimental prototype, where 1 is the signal amplification module, 2 are voltage and current sensors respectively, the data detected by the sensors is given to the AD interface of the DS1104, the PWM voltage output by DS1104 is consistent with TTL voltage, but the IGBT driver voltage is close to 15V, so we need a voltage amplification module, and the amplification gain is about 2.7.
In the Fig. 16 , we can clearly discover that the supply current seriously distorts before compensation, the THD value of supply current measured by the Agilent 3000X series oscilloscope is 34.8%, but when DS1104 goes to online, it means the control algorithm starts to work, the supply current approaches standard sine wave, and the THD value of supply current approach 9.68%.
The experimental results show that the proposed controller has a good compensation effect. Further research will adopt neural network to approximate the nonlinear part of the APF system.
VII. CONCLUSIONS
In this paper, a dynamic sliding mode control with integral switching gain for APF has been put forward, this control strategy combines the advantages of dynamic sliding mode and integral gain. Simulation results illustrate that the proposed control strategy have a better tracking performance, robustness and very low THD value compared with traditional SMC strategy, there is also some achievement in eliminating chattering. Finally, considering the practical application of the proposed algorithm in APF, utilize a rapid prototyping platform (dSPACE DS1104) to verify practicality. Experimental results show that the proposed controller can effectively eliminate chattering and suppress harmonic current.
By contrast, the experimental results are different from the simulation results. The error is mainly caused by the dynamic sliding surface. Therefore, in further research, intelligent algorithm such as neural network and fuzzy control will be used to approximate the unknown error in the control system, and improve the expression of the dynamic sliding surface.
